A growing skull fracture is a rare but significant complication of pediatric head trauma, occurring almost exclusively in children who are younger than 3 years of age. 20, 26, 33 It usually develops from a linear skull fracture, as sometimes occurs in a closed-head injury. Therefore, it is often misdiagnosed or the treatment is either wrong or delayed. During the last 3 decades, several cases have provided many theories of GSF pathogenesis. However, controversy over diagnostic methods and treatment strategy always exists.
Hospital. Twenty-two patients (81.5%) had head injuries because they fell from a height or were hit by a heavy object, and 5 patients (18.5%) were injured in a vehicular accident. Sixteen patients (59.3%) sustained a fracture while under the age of 1 year. Only 2 patients (7.4%) were older than 3 years, with the oldest being 5 years of age at the time of injury. The interval between the time of head injury and the diagnosis of GSF ranged from 1 day to 8 years. We divided this interval into 3 phases, according to the GSF stage: prephase of GSF, early phase of GSF, and late phase of GSF (Table 1) .
At the time of presentation in our department, scalp swelling at the site of the fracture, skull defects, persistent or progressive neurological deficits, and seizures were the main symptoms in patients. In the different GSF stages, the symptoms varied ( Table 2 ). We had radiographs or CT scans for all of the patients. Magnetic resonance imaging and color Doppler ultrasonography studies were also performed in 7 and 3 patients, respectively. The radiological observations in these patients are summarized in Table 3 . Growing skull fractures were located on the left side of the brain in 12 patients and on the right in 15. The most common location was the parietal lobe (Table 4) .
Patient Treatment
We had followed different treatment strategies in the patients, according to the stage of GSF.
All patients underwent duraplasty. Four patients at Stage 1 and 5 patients at Stage 2 underwent craniotomy without cranioplasty when the diagnosis of GSF was made. The other 2 patients at Stage 1 underwent the same operation 15 days after the diagnosis of GSF. Hydrocephalus developed in one of them during those 15 days and was treated with VP shunt placement. The other 5 patients at Stage 2 and all of the patients at Stage 3 underwent cranioplasty with autologous bone and alloplastic materials, respectively (Table 5) . Two patients at Stage 2 and 2 patients at Stage 3 underwent VP shunt placement.
In the operation, the dural defect was always larger than the bone defect, and sometimes the dura was torn until it reached a dural sinus, and thus it was common to encounter sinus bleeding or sinus injury at one or both ends of the dural tear. The herniation of brain tissue through the bone defect (12 cases), unilateral ventricular dilation (15 cases), encephalomalacia (13 cases), porencephaly (3 cases), leptomeningeal cyst (8 cases), and hydrocephalus (5 cases) were observed in the different stages of GSF. Details of the findings during operations are shown in Table 3 .
No deaths occurred over the 20 years of monitoring the patients. Follow-ups ranged from 8 months to 4 years (mean 26.5 months). Among all patients at Stages 1 and 2, the bone defects were repaired without any complication. However, among those at Stage 3, 3 patients underwent additional operations-2 for dislocation of the grafts and the other for CSF leakage and infection. All of the patients at Stages 1 and 2 who suffered seizures have been cured. In contrast, refractory epilepsy developed in 3 patients at Stage 3. Improvements in neurological deficits were recorded in almost all of the patients at Stages 1 and 2, except one who had impaired vision. In patients at Stage 3, no obvious improvement in neurological deficits was observed.
Discussion
Growing skull fracture, also known as "posttraumatic leptomeningeal cyst" or "craniocerebral erosion," was first described by Howship in 1816.
13 It is a rare complication following head injury and has been reported to occur in less than 0.05% to 1.6% of cases. 1, 13, 20, 21, 26, 33 In our department, these cases constituted 0.37% of all cases of skull fractures over a 20-year period. It is unanimously accepted that the skull fracture, with its dural tearing and entrapment of the arachnoid membrane or brain tissue within the fracture margin, is the most important factor for GSF pathogenesis. 7, 8, 12, 15, 17, 24, 29, 34, 41 Authors of previous studies 10, 20, 33 have reported that more than half of GSFs occur in persons under the age of 12 months and 90% in persons under the age of 3 years, which is in agreement with our study. There are 2 main hypotheses to elucidate why the incidence of GSF is higher in infancy and early childhood than in adulthood. One posits that during the first 2 years of life, rapid growth of the brain and skull oc- curs; the dura adheres more tightly to the bone and thus is more easily torn when the skull is fractured. 9, 25 The other hypothesis proposes that the skull is thinner, less stiff, and more deformable, and in deforming can more readily tear the dura. In the early stage of GSF, the main damages to the brain and bone are caused by the injury itself. However, the damages as well as the neurological deficits will increase during the progression of GSF, especially in the late stage. The neurological deficits cause the main disruption in the quality of life for most patients with GSF. Against this background, reasonable classification of the progression of GSF as well as early diagnosis and rational surgical treatment for GSF will lead to improvement in prognosis.
We divided the progression of GSF into 3 stages during treatment of the disease. Stage 1 is the prephase of GSF. The time frame for this stage is from the time of injury to the time just before enlargement of the fracture. Patients with GSF at this stage must have the following conditions: 1) skull fracture with dural tear, and 2) herniation of brain tissue or arachnoid membrane through the fracture. Traditionally, this stage would not be included in the diagnosis of GSF because there is no enlargement of the fracture. However, in our opinion, the patients who have suffered skull fractures and meet these 2 conditions have the highest risk of GSF, especially when the patient is younger than 3 years of age. In our study, according to these diagnostic criteria, 6 patients fell into this category based on the results of radiology (Fig. 1) , and the diagnosis was confirmed during surgery (Fig. 2 upper) . Two patients delayed surgery for 15 days, but the fractures did not repair spontaneously. On the contrary, 1 patient had hydrocephalus, and the fracture in the other patient enlarged. Several studies have demonstrated that damage to the bone, dura, and brain not only happened at the time of initial injury but also slowly worsened for months and years later. 5, 19, 28, 38, 41 During this GSF stage, neurological deficits have not usually occurred and the complications are few; therefore, it is the best period for treatment.
Stage 2 is the early phase of GSF. The time frame extends from the initial fracture enlargement to 2 months after the beginning of enlargement. Based on our observations and according to other studies, 11, 18, 33 gross enlargement of the fracture occurs about 2 months following the initial fracture enlargement. Therefore, in this stage, the bone defect is small, and the deformity of the skull and the neurological deficit are mild. Growing skull fracture diagnosed and treated during this stage will have a better prognosis.
Stage 3 is the late phase of GSF. It begins at 2 months after initial enlargement. During this stage, the bone defect becomes larger, and skull deformity and neurological disorder become severe if left untreated.
Diagnosing GSF has been mentioned in several studies, 1, 19, 23, 32, 35, 39 and the most important step is to make an early diagnosis. To accurately diagnose GSF in the early stages, the patient's symptoms should be carefully examined during Stages 1 and 2. Shortly after injury, the most useful clues in diagnosing GSF are clinical symptoms and signs, as well as radiological findings. The symptoms and signs include 1) neurological deficits occurring immediately after injury; 2) epileptic seizures, usually focal but they may be generalized; and 3) scalp swelling that is pulsatile or throbbing in response to the child's crying. Radiography and CT scanning are the most common methods used to study and diagnose these cases. Unfortunately, they are not sufficient, especially for the prephase of GSF. [2] [3] [4] 10, 23, 30 After injury, the scalp swelling overlying the fracture of the skull can be observed in almost all of the patients. However, the existence of torn dura and herniation of the brain tissue is difficult to determine by radiography or CT scanning only. Magnetic resonance imaging can disclose more details of the lesions, such as the herniation of brain tissue, leptomeningeal cyst, or encephalomalacia near the fracture. 4, 14, 21 Another option is color Doppler or B-mode ultrasonography. 3, 23, 40 In the present study, all of the patients with Stage 1 GSF presented in our department just after injury. However, not all of them demonstrated the typical clinical symptoms and signs that would signify GSF. Fortunately, MRI (Fig.  1) or color Doppler ultrasonography supplied enough evidence to make a definitive diagnosis. All 6 patients with Stage 1 GSF and 1 patient with Stage 2 disease underwent MRI, whereas 3 patients with Stage 1 disease underwent color Doppler ultrasonography examination. The findings of 5 MRI and 2 color Doppler ultrasonography studies were positive. Magnetic resonance imaging and color Doppler ultrasonography are complementary methods of diagnosing GSF in the early stage. If a patient had the typical symptoms and signs at the same time that his or her radiograph or CT scan showed a fracture width > 4 mm, a skull fracture with underlying cortical contusion, and a zone with the same density as the brain contusion of CSF advancing through the fracture to the subcutaneous plane (Fig. 3) , then we recommended that the patient undergo color Doppler ultrasonography or MRI studies. Because the color Doppler ultrasonography is more convenient than MRI, we first advise the ultrasonography method.
The surgical techniques for treating GSF are well described. 6, 10, 16, 22 The procedure includes resection of the leptomeningeal cyst and degenerated brain tissue, repair of the dural defect, and cranioplasty. If hydrocephalus or seizures have occurred, VP shunt placement or resection of the scar tissue inducing the seizures, respectively, should be performed.
The most important step of surgery is water-tight closure of the dural defect, as described in previous studies. 5, 26, 33, 40 Pericranium, fascia lata, cadaveric dural grafts, and artificial dura have been used in this step. 16, 18, 21, 22 In our opinion, the autologous material is the best choice because of its tissue compatibility, convenience, inexpensiveness, and rare rate of infection. Artificial dura was used in 6 patients with Stage 3 GSF in this study. One patient suffered CSF leakage, which led to an infection by the follow-up. Surgery was performed to correct the leak. Autologous material was used to close the dural defect in the other patients, with no complications caused by these materials. By following along with the contraction of the fibrous tissue of the dura and the chronic inflammation, 28 the dural margins became more difficult to find and the area of the defect became larger. The limitations of the autologous materials did not allow us to repair the defects, and so we resorted to using artificial materials. However, in Stage 1 and 2 GSF, this was not an issue. Watertight closure is the key point in this step because there were no CSF leaks and because there was a better chance for bone defect repair.
In the last 3 decades, the controversy has always been most intense with regard to the cranioplasty step. The issues that arise include the age of the patient, time to perform the cranioplasty, source of the material for cranioplasty, and resorption of the autologous bone. According to previous studies, 21 ,38 these problems always occur in the late stage of GSF. At this stage, the size of the bone defect increases and the deformity of the bone near the fracture is usually severe. In addition, it is technically difficult to split the skull bone to make enough materials for closure of the defect in younger children, especially infants. If GSF is diagnosed in the early stages, especially the prephase of GSF, these problems can be easily resolved. Through an examination of the 6 patients in the prephase of GSF in our study, we found the following 2 skull bone defect characteristics: 1) all of the fractures represented were approximately rectangular, with a width shorter than 2 cm, and 2) there was no bone deformity or necrotic bone found along the fracture. Based on these 2 characteristics and the theory that the osteoreparative potential of cranial bone is high and sufficient to repair defects of continuity, 27, 31, 36 all 6 patients in the prephase of GSF underwent craniotomy without closure of the defect using additional materials. After closure of the dural defect, we put the bone pieces, which were cut from the sides of the fracture, more closely together to minimize the width of the fracture and to immobilized these bone pieces (Fig. 2 lower) . During the follow-up period, new bone generation was observed in the gap of the defect (Fig. 4) . The same methods were used in 5 patients in the early phase of GSF; the width of the bone defect was < 3 cm, and the outcome was good. For patients in the late phase of GSF or those in the early phase whose defect width was > 4 cm, cranioplasty was necessary, and the autologous materials were better than the alloplastic materials. Some studies have suggested that alloplastic materials must be used in patients older than 8 years of age or after the period of rapid bone growth. 41 If the patient is younger and the bone defect is very large, some new bioengineering techniques may be useful in protecting the brain-for example, osteogenesis induced by autologous bone marrow cells, as mentioned by Velardi et al., 36 or a specific technique of cranioplasty in which a titanium plate is interposed between the duraplasty and bone elements without fixation, with autologous bone fragments deposited over the mesh, as described by Vignes et al. 37 During surgery, the surgeon should focus on the brain tissue exposed through the skull defect, which may continue to be functional, especially in the prephase of GSF, and should avoid removing these tissues. If a patient has suffered seizures before the operation, one should perform electrophysiological monitoring during resection of the lesions inducing the seizures. Some authors have reported hydrocephalus as a complication of GSF. In such cases, VP shunt placement would be necessary.
Conclusions
The formation of GSF occurs during a period ranging from several weeks to years. For neurosurgeons, the most important stage of GSF is the prephase, that is, from the time of injury to the time just before enlargement of the fracture. Making an accurate diagnosis of GSF at this stage and performing a rational treatment strategy can result in a good prognosis. The prevalence of GSF is usually low, but in recent years, especially after a natural disaster, GSF presentations have increased-as after the earthquake in Wenchuan. Six patients in the present study came from the area that suffered that disaster. Against this background, reviewing this disease and raising some new hypotheses about the stages of GSF could be helpful for neurosurgeons. 
